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Abstract 
A transient analysis of a molten salt cavity receiver is presented. A two-node model, which is the theoretical basis for transient 
analysis, is developed for the receiver. During the transient process, the energy variation of different part of the model is 
researched experimentally. Especially, a transient variation process of both the receiver surface temperature and fluid temperature 
is analyzed detailedly in the paper. The transient process due to the sudden change of input power is divided into three stages. 
The transient characteristic of the receiver is analyzed based on the three stages. Also the time constant which reflects the 
influence of the thermal inertia of the receiver is got from the experiment. 
 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer review by the scientific conference committee of SolarPACES 2013 under responsibility of PSE AG. 
Keywords: Molten Salt; Cavity Receiver; Transient; 
Nomenclature 
ms mass of the solid part of the receiver (kg) 
mf mass of the fluid inside the receiver (kg) 
Cs  specific heat capacity of the receiver (J/(kggK)) 
Cf specific heat capacity of the fluid (J/(kggK)) 
Ts the mean temperature of the solid part of the receiver (K) 
Tf the mean temperature of the fluid (K) 
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Tfi the inlet temperature of the receiver (K) 
Tfo the outlet temperature of the receiver (K) 
Ta the ambient temperature (K) 
Qin the input power of the receiver (W) 
Qin,f the internal energy increment of the fluid (W) 
QL,ref the reflection energy loss of the receiver (W) 
Qu the heat transferred from the receiver to the fluid (W) 
Qabs the heat removed by the fluid flow (W) 
As-f heat exchange area between the tube and the fluid (m2) 
As heat exchange area between the tube and the air (m2) 
hs-f convective heat transfer coefficient of the fluid (W/(m2gK)) 
UL the total heat loss coefficient of the receiver (W/(m2gK)) 
ሶ݉  mass flow rate (kg/s) 
1. Introduction 
In recent years, considerable knowledge is available about Concentrated Solar Power (CSP). The receiver is a 
key component of a CSP tower power plant. There are many types of receivers. Among these receivers, the molten 
salt receivers win much attention due to the high performance. The first commercial CSP plant with a molten salt 
receiver was built in 2011 [1] and the molten salt technology is believed to be a key for solving the problem of 
discontinuity of solar energy.  
Much research into cavity receiver is concerned with the mechanism of heat loss affecting the thermal 
performance of the receiver [2-5]. Not many studies on the transient analysis of cavity receiver were reported [6-10]. 
However, the receivers always work in unsteady state conditions. Therefore, it is necessary to research the 
characteristics of molten salt receivers during the transient process. In this paper, a simplified two-node model of the 
molten salt receiver is developed. Based on the simplified model, further analysis of temperature and energy are 
carried out.  
2. Theoretical analysis 
2.1 Simplified two-node model 
The whole receiver is divided into two parts, the solid part (tubes) and fluid part (molten salt). Energy balance for 
both tubes and fluid are considered separately. The analysis has been performed in a lumped manner for the tube and 
fluid temperature.  
The heat balance on the tubes can be written as follows: 
Increments of internal energy of tubes = Incident power from heliostats field – Reflection energy loss – Heat 
transferred from tubes to fluid – Total heat loss 
݉௦ܥ௦ ௗ ೞ்ௗ௧ ൌ ൫ܳ௜௡ െ ܳ௅ǡ௥௘௙൯ െ ܣ௦ି௙݄௦ି௙൫ ௦ܶ െ ௙ܶ൯ െ ܣ௦ܷ௅ሺ ௦ܶ െ ௔ܶሻ                               (1) 
Where UL [11] is the total heat loss coefficient of the receiver. The coefficient UL combined the convection and 
radiation heat loss together. The air temperature and background temperature is approximately the same during the 
experiments. 
For indoor experiments in this paper, reflection energy loss can be neglected. Equation (1) can be rewritten as: 
݉௦ܥ௦ ௗ ೞ்ௗ௧ ൌ ܳ௜௡ െ ܣ௦ି௙݄௦ି௙൫ ௦ܶ െ ௙ܶ൯ െ ܣ௦ܷ௅ሺ ௦ܶ െ ௔ܶሻ                                         (2) 
The heat balance of the fluid can be written as follows: 
Increments of internal energy of fluid = Heat transferred from tubes to fluid – Heat removed by fluid flow 
݉௙ܥ௙ ௗ்೑ௗ௧ ൌ ܣ௦ି௙݄௦ି௙൫ ௦ܶ െ ௙ܶ൯ െ ሶ݉ ܥ௙൫ ௙ܶ௢ െ ௙ܶ௜൯                                            (3) 
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It is convenient to define the symbols for each part of energy as follows:  
ۖە
۔
ۖۓ ௜ܳ௡ǡ௙ ൌ ݂݉ܥ݂
݂݀ܶ
݀ݐ
ܳ௨ ൌ ܣݏെ݂݄ݏെ݂൫ܶݏ െ ݂ܶ൯
ܳ௔௕௦ ൌ ሶ݉ ܥ݂൫݂ܶ݋ െ ݂ܶ݅൯
 
The analytical model described by equation (1) and (2) has been proved to be effective in another paper [11]. 
2.2 Time constant 
Time constant is always an important parameter in transient process. With known time constant, it is easy to 
adjust the control system to keep the receiver operating safely. However, there is no published test method or 
calculation method for obtaining time constant of the molten salt receivers. Time constant of the solar collector can 
be obtained through the two established standards: ISO 9806-1 and ASHRAE 93-86 standard. However, the two 
standards are not suitable for the molten salt receiver because the temperature of inlet fluid Tfi is required to close to 
the ambient air temperature Ta in the two standards. The freezing point of molten salt used in our experiments is 
around 137ć. Therefore, there is no way to lower the temperature of the salt close to the ambient temperature 
without freezing. Hou [12] proposed a new method for the measurement of time constant for solar collector. This 
new method only requires Tfi and Ta keeping constant during the test process. It is not necessary to adjust the Tfi 
equal to Ta as it is needed in ISO9806-1. The basic equation is as follows:  
்೑೚ሺ௧ሻି்೑೚ǡ೔೙೔೟೔ೌ೗
்೑೚ǡಮି்೑೚ǡ೔೙೔೟೔ೌ೗ ൌ ቂͳ െ ݁ݔ݌ ቀെ
௧
்ቁቃ                                                             (4) 
Where T is the time constant defined as:  
 ൌ ሺ݉ܿሻ௘ܭሶ݉ ܥ௙  
Two experiments are conducted to measure the time constant of the molten salt receiver according to this 
method. A non-dimensional parameter is defined as follows: 
ܴ ൌ ௙ܶ௢ሺݐሻ െ ௙ܶ௢ǡ௜௡௜௧௜௔௟
௙ܶ௢ǡஶ െ ௙ܶ௢ǡ௜௡௜௧௜௔௟  
When R reached 63.2% or 0.632, the time t  is considered as the time constant of the molten salt cavity receiver. 
However, there is no published test method for obtaining time constant of the molten salt receiver. So these 
experiments are aimed to verify whether this method can obtain a parameter which can characteristic the transient 
response of molten salt receivers. 
3. Experimental set-up 
3.1 Test platform 
The molten salt cavity receiver testing system is schematized in Fig. 1. The testing system includes the molten 
salt tank, cavity receiver, heavy-current electric heating system, electric control system, temperature and flow rate 
detecting system. Molten salt is stored in the molten salt tank. Electric heating melts the salt inside the tank. In our 
experiments, molten salt goes through V2 and V3 and enters the cavity receiver. Heat transfers from the electrically 
heated receiver to the molten salt. High temperature molten salt goes out from the receiver and back into the molten 
salt tank through V4, finishing a single loop.  
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Fig. 1. The schematic sketch of experimental set-up 
3.2 The molten salt cavity receiver 
The cavity receiver is composed of seven panels that are installed in series. Each panel includes four stainless 
steel tubes. There is a header on either side of the panel with clapboard in the centre of the bottom header. The rear 
space of the receiver is full of rock wool for thermal insulation. The whole receiver is covered with a layer of thin 
stainless steel plating. Each header has a stainless steel electrode welded onto it so as to heat the panel with a heavy-
current. The photograph of the receiver is shown in Fig. 2. There are three temperature measuring points on each 
panel. The locations of these points are shown in the Fig. 2b (located in the top header, the middle of each panel and 
bottom header). 
 
 
Fig. 2. (a) Front view of molten salt cavity receiver; (b) The structure of the receiver 
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3.3 The heavy-current electric heating system 
The heavy-current electric heating system mainly includes two components, an induction voltage regulator and a 
heavy-current transformer. The induction voltage regulator (Fig. 3a) can provide a continuous variable output 
voltage. The induction voltage regulator is connected to the heavy-current transformer. The maximum output 
voltage and current of the transformer are 10V and 20kA. The connection between the transformer and the receiver 
is shown in Fig. 3b. Heavy-current flows into the receiver through copper and electrodes. Seven panels act like 
seven shunt resistances. The heat generated is enormous and raise the temperature of the tubes.  
 
 
(a)                                                                                      (b) 
Fig. 3. (a) The photograph of the induction voltage regulator; (b) The connection between the transformer and the receiver 
4. Results and discussion 
4.1 Energy analysis in transient process 
An experiment is conducted to analyze the energy variation in transient process. The input power rise to 73.39kW 
at the beginning and the volume flow rate keep constant at 7.6 l/min.  
The Qu, Qin,f and Qabs in equation (3) are analyzed in the transient process. Fig. 4 shows their variation. It is 
shown clearly from the Fig. 4a that the Qu increased over time mainly due to the increase of Qabs. From the Fig. 4b, 
the Qin,f was only effective in the initial stage of the transient process due to the quick rise of the temperature. 
However, the effect of Qin,f is limited by the small mass of fluid inside the receiver.  
 
(a)                                                                                                         (b) 
 
Fig. 4. (a) The variation of Qu and Qabs during the experiment; (b) The variation of Qin,f during the experiment; 
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4.2 Variation of the receiver and fluid temperature in transient process 
The data of experiment mentioned in section 4.1 is also used to analyze the temperature variation in the transient 
process. The input power rose to 73.39kW in the beginning of transient process. Figure 5a shows the temperature 
variation when input power suddenly rise. The whole variation process can be divided into three stages.  
During t0rise-t1rise, the rising speed of input power Qin was larger than the rising speeds of both the heat loss and 
heat transferred from the receiver to fluid Qu. Therefore, it is indicated from equation (2) that the internal energy 
increments of the receiver (msCsdTs/dt) become larger in this stage. As a result, the Ts increased faster and faster. 
Unlike Ts, the fluid temperature Tf still kept unchanged in this stage due to the thermal inertia of the molten salt. 
During t1rise-t2rise, the input power Qin almost kept constant. The heat loss and heat transferred from the receiver 
to fluid Qu were still increasing due to the rising Ts. Therefore, it is indicated from equation (2) that the internal 
energy increments of receiver (msCsdTs/dt) decreased. As a result, the gradient of Ts decreased. In this stage, the Tfo 
just began to response the increasing of Ts, so the heat transferred from receiver to fluid Qu increased faster than the 
heat removed by fluid flow Qabs. It is indicated from equation (3) that the internal energy increments of fluid Qin,f 
become larger and larger. Therefore, the fluid temperature Tf began to rise faster and faster.  
After t2rise, the receiver surface temperature Ts was almost stable. Figure 5a shows that the temperature difference 
between the Ts and Tf was decreasing slightly in this stage, which indicated the Qu was decreasing. However, the 
heat removed by fluid flow Qabs still increased slowly due to the rising of Tfo. It is indicated from equation (3) that 
the internal energy increments of fluid Qin,f become smaller in this stage. Therefore, the gradient of the fluid 
temperature Tf decreased. If the input power and other parameter (such as Tfi and Ta) kept unchanged, the receiver 
would finally achieve a steady state condition.  
 
  
(a)                                                                                                     (b) 
Fig. 5. (a) The transient process when input power rise suddenly; (b) The transient process when input power suddenly drops 
 
Another experiment is conducted to research the temperature variation when input power suddenly drops. Figure 
5b shows this temperature variation process. The input power dropped from 120kW to 73.39kW in less than 25s. 
The flow rate kept constant at 7.6 l/min. Corresponding to the rising transient process, the dropping transient process 
can also be divided into three stages.  
During t0drop-t1drop, the input power Qin suddenly dropped while the heat loss and heat transferred from the 
receiver to fluid Qu almost kept unchanged due to the thermal inertia of the receiver. For keeping energy balance, 
instead of the input power, the internal energy of receiver began to transform into the energy source. The Qin 
dropped over time and the transforming speed of internal energy of the receiver was higher and higher. As a result, 
the receiver surface temperature Ts decreased faster and faster. However, the fluid temperature Tf almost kept 
unchanged due to the thermal inertia of the molten salt.  
During t1drop-t2drop (t2drop is not shown in Fig. 5b), the heat transferred from receiver to fluid Qu decreased due to 
the decreasing of Ts. The heat removed by fluid flow Qabs didn’t change much in the first stage. As a result, the Qu 
was smaller than the Qabs. It is indicated from equation (3) that the internal energy of fluid has to transform into the 
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energy source in order to keep energy balance of the fluid. Therefore, the internal energy of fluid began to decrease 
and the fluid temperature Tf began to drop faster and faster.  
After t2drop, the output power (heat loss and heat transferred from receiver to fluid) decreased close to the new 
input power Qin. Therefore, the receiver surface temperature Ts would almost keep stable. Due to the decreasing of 
heat removed by fluid flow Qabs, the difference between the Qabs and Qu, which is known as the decrement of 
internal energy of fluid Qin,f, became smaller and smaller. Therefore, the fluid temperature Tf would decrease more 
and more slowly. Finally, the whole receiver would be in steady state if the input parameters (such as S, Tfi and Ta) 
kept constant. 
4.3 Time constant test of the receiver 
According to Hou’s [12] method, a time constant test is conducted. The flow rate kept constant at 7.6 l/min. The 
inlet temperature was around 232ć. The input power of receiver rose suddenly to 118.91kW and kept constant 
during the test. The nearly-steady-state was assumed to exist when outlet temperature changed less than 0.2ć in one 
minute. Figure 6 shows the variation of non-dimensional parameter R. The time constant measured is around 123s. 
According to the definition of time constant, the flow rate affects the time constant greatly. Therefore, another test is 
conducted to verify the time constant in the same flow rate. The two tests have different input power and different 
inlet temperature. The time constant measured in the second test is around 140s. Although the conditions in the two 
tests vary a lot, they lead to almost the same value of time constant. This value is believed to represent the response 
characteristics of the receiver in transient process.  
 
 
Fig. 6. Time constant test of receiver 
5. Conclusion 
A transient analysis is presented for a molten salt receiver. Several conclusions have been obtained. 
(1) The internal energy increment of fluid Qin,f can only affect the energy removed by fluid flow Qabs in the initial 
stage of transient process. In addition, the effect is limited by the mass of fluid inside the receiver. 
(2) A detailed analysis of both receiver surface temperature and fluid temperature in transient process are 
presented in the paper. Both the rising and dropping transient processes can be divided into three stages.  
(3) Two time constant tests are conducted according to Hou’s method. The measured values are close to each 
other. Therefore, the measured value can represent the response speed of the molten salt receiver in transient state.  
However, further theory work should be done for calculating the time constant of the receiver. In addition, the 
input power, flow rate and inlet temperature should be controlled more effectively in order to stabilize outlet 
temperature. 
606   Q.Q. Zhang et al. /  Energy Procedia  49 ( 2014 )  599 – 606 
Acknowledgements 
The present work was supported by the National Science Foundation of China (50906078) and (51006096) and 
the Beijing Municipal Science & Technology Commission (D121100001012001) . 
References 
[1] J. Ignacio Ortega, J. Ignacio Burgaleta, F.M. Téllez. Central receiver system solar power plant using molten salt as heat transfer fluid, Journal 
of Solar Energy Engineering -Transactions of the ASME 130 (2008). 
[2] D.L. Siebers, J.S. Kraabel. Estimating Convective Energy Losses From solar central receivers, Sandia National Laboratories, Report no. 
SAND84-8717, 1984. 
[3] X. Li, W.Q. Kong, Z.F. Wang, C. Chang, F.W. Bai. Thermal model and thermodynamic performance of molten salt cavity receiver, 
Renewable Energy 35 (2010) 981-988. 
[4] JM Lata, M Rodriguez, M Alvarez de Lara. High flux central receivers of molten salts for the new generation of commercial stand-alone solar 
power plants, Journal of Solar Energy Engineering –Transactions of the ASME 130 (2008) 1-5. 
[5] T. Taumoefolau, S. Paitoonsurikarn, G. Hughes, K. Lovegrove. Experimental investigation of natural convection heat loss from a model solar 
concentrator cavity receiver, Journal of Solar Energy Engineering -Transactions of the ASME 126 (2004) 801-807. 
[6] Q. Yu, Z.F. Wang, E.S. Xu, X. Li, M.H. Guo. Modeling and dynamic simulation of the collector and receiver system of 1MWe DAHAN solar 
thermal power tower plant, Renewable Energy 43 (2012) 18-29 
[7] Q. Yu, Z.F. Wang, E.S. Xu. Simulation and analysis of solar thermal power tower plant, Solar Energy 86 (2012) 164-174. 
[8] James E. Pacheco, Mark E. Ralph, James M. Chavez. Results of Molten Salt Panel and Component Experiments for Solar Central Receivers: 
Cold Fill, Freeze/Thaw, Thermal Cycling and Shock, and Instrumentation Tests, Sandia National Laboratories, Report no. SAND94-2525, 
1995. 
[9] Jianfeng Lu, Jing Ding. Dynamic and thermal performance of molten salt pipe during filling process, International Journal of Heat and Mass 
Transfer 52 (2009) 3576-3584. 
[10] G.J. Kolb, D. Neary, M.R. Ringham, T.L. Greenlee. Dynamic simulation of a molten-salt solar receiver, Sandia National Laboratories, 
Report no. SAND88-2895, 1989. 
[11] Q.Q. Zhang, X. Li, Z.F. Wang, C. Chang, H. Liu.  Experimental and theoretical analysis of a dynamic test method for molten salt cavity 
receiver, Renewable Energy, 50(2013) 214-221; 
[12] H. J. Hou, Z. F. Wang, R. Z. Wang, A new method for the measurement of solar collector time constant, Renewable Energy, 30 (2005) 855-
865 
 
